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We experimentally demonstrated a fast infrared (IR) radiation sensor. It is capable of measuring IR
radiation independently from the environmental temperature fluctuations. Experimental work shows
that this IR detection prototype have strong conveniences (fast response and reliability in harsh
environment) compared to previous detectors which makes it a very good option for early fire detection
systems.
& 2011 Elsevier Ltd. All rights reserved.1. Introduction
Among the fiber sensors using the Fiber Bragg Gratings (FBGs)
as sensing points, a large variety of new applications can be
envisaged resulting from the association of the FBGs with a
sensitive layer. Examples include humidity sensing [1], pH mon-
itoring [2], and gas sensing such as hydrogen [3,4] or methane [5].
Infrared (IR) radiation detector is another example of this group of
applications and presents a very strong potential for early fire
detection.
An IR radiation detector using a pair of FBGs has been recently
demonstrated [6,7]. This method is called fibered bolometer as it
implements the operating principle of a standard bolometer and is
schematically represented in Fig. 1.
It works as follows: one of the FBGs in the pair is covered with
an IR-absorbing material while the other is protected from the
radiation in order to be used as a temperature reference. The
useful signal is the temperature increase of the coated FBG when
exposed to IR radiation compared to the reference FBG. The
temperature change is determined either by measuring the shift
in the Bragg wavelengths using an optical spectrum analyser
(OSA) [6], or by measuring the total reflected power from the FBG
pair using a powermeter [7]. In order to have the quasi-distrib-
uted capability, both of these approaches require the wavelengthll rights reserved.
Yu¨ksel).demultiplexed interrogation which complicates the sensor design.
Moreover OSA is a slow and expensive device to be used as an
interrogator tool. In the latter approach (the use of powermeter),
the useful information is encoded in the total reflected power
from the FBG pair which means that the operating zone is limited
to a certain IR flux value that is linked to the FBGs spectral
bandwidth.
Optical frequency domain reflectometry (OFDR) is a technique
for high-resolution metrology which has been attracting great
attention as an interrogating tool in both optical fiber sensors [8]
and telecommunication networks [9]. In a basic configuration of
an OFDR, the optical frequency of a tunable laser source (TLS) is
swept linearly and phase continuously in time. Then, the fre-
quency-modulated optical signal (probe signal) is split into two
paths, one of which probes the device under test (DUT) whereas
the other is used as reference signal (or local oscillator). The
reference signal returning from the reference mirror and test
signal returning from the reflection sites in the test arm coher-
ently interferes at the coupler. Superposition of the interfering
signals is converted into electrical domain by the detector which
yields the beat terms that are related to the optical amplitude and
phase responses of the reflection sites in the DUT. In order to
observe these beat terms, the photocurrent at the detector output
is sampled and Fourier transformed into frequency domain where
the beat terms appear as peaks.
In this paper, we report an IR detection sensor using fibered
bolometers as sensing points and interrogated by OFDR. The main
advantage of our system compared to previous work is that the
Fig. 1. Schematic representation of the fibered bolometer.
Fig. 2. Spectral radiance of a heat source at different temperatures.
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not affected by unwanted power fluctuations) and that it is
possible to interrogate, within a few seconds, a cascade of FBG-
pairs with identical spectral characteristics to obtain a quasi-
distributed sensor configuration. A wide panel of applications can
be envisaged such as early fire detection and monitoring of hot
spots. For the fire detection application our solution would be
preferable over the conventional smoke and dust detectors as
they are influenced from environmental conditions for certain
applications (e.g. combustion gas influences the conventional
detectors in road traffic tunnels [10]).Fig. 3. Transmittance spectra of SiO2 and CuO.2. Sensing principle
In order to evaluate the feasibility of the proposed sensor, one
should first analyse the properties of absorption spectra of the
sensor together with the emission spectra of the source. The
major part of the IR radiations emitted by hot spots covers the
range from 0:8 mm to 15 mm. The emission spectrum of a heat
source at different temperatures can be explained by the Planck’s
law which describes the spectral radiance emitted from a black
body at different temperatures. Planck’s law is written as
Il,T ¼
2hc2
l5
1
expðhc=lkTÞ1
ð1Þ
where Il,T is the emitted power intensity (emitted power per unit
area of emitting surface in the normal direction, per unit solid
angle, for a given wavelength and temperature), h is the Planck’s
constant ð6:62 1034 J sÞ, c is the speed of the light, k is
Boltzmann’s constant ð1:38 1023 J=KÞ and T the temperature
of the black body. The normalised spectral radiance intensity
computed by (1) at different temperatures is shown in Fig. 2. It
can be seen from this figure that the higher the temperature the
narrower the distribution centered on a lower wavelength.
In a flamming fire, the temperature is about 1500 K (1227 1C)
which means that most important part of the IR spectrum
radiates in the wavelength range below 4 mm (see Fig. 2).
IR spectrum radiating in the wavelength range below 5 mm is
not absorbed by silica (SiO2) [6]. Therefore, a bare FBG has got a
weak response to IR radiation in this wavelength region and
should be covered with an IR-absorbing material. Using a thin
layer of copper(II) oxide (CuO) was proved to be efficient in
increasing the absorption efficiency [6]. Fig. 3 compares the
transmittance spectra of SiO2 (1 mm thickness) and CuO (44 mm
thickness). CuO yields a strong absorption for wavelengths below
5 mm is used for the coated FBG (association of SiO2 and CuO)
with the good response to detect hot spots. The coated FBG
converts the radiation into heat. Therefore, when subject to IR
radiations, the temperature of the FBG under exposure will
increase and its Bragg wavelength will be shifted by Dl.
The efficiency of the sensor can be further improved by
putting a thin glass tube (a capillary tubing) on the CuO-coated
FBG. Greenhouse effect is the physical mechanism behind this
efficiency increase and can be explained as follows [6]: radiations
below 4 mm go through the glass tube and are absorbed by the
CuO layer. Longer wavelengths are re-radiated in all directions
and are confined in the glass tube as glass absorbs radiationsabove 4 mm. Then, the glass tube re-transfers energy to the
grating by radiation process and increases the fiber temperature
for a given radiation flux. The capillary tube offers a larger
surface to collect the radiations that also increases the sensor
efficiency.
It was experimentally shown that the sensitivity can be
improved for a given temperature from about 0.008 pm/(W/m2)
to 0.04 pm/(W/m2) by using a capillary tubing on the grating [6].
The coated FBG together with the reference FBG composing
the fibered bolometer is used as sensing element. Each FBG pair
(bolometer) can be placed in a metal tube (e.g. aluminum) to
concentrate the incident radiations on the coated FBG and to
shield the reference FBG from IR radiations. The packaging made
of a metal tube and the coated FBG inside the capillary (glass)
tubing is shown in Fig. 4. Parabolic shape is preferable (the FBG is
placed in the focal point) for the packaging to enhance the
concentration of radiations on the sensor.
In a quasi-distributed configuration, many of these sensing
elements can be cascaded. Operation principle of the quasi-
distributed IR sensor interrogated by OFDR is schematically repre-
sented in Fig. 5.
The OFDR unit launches into the network a frequency-modu-
lated continuous-wave (CW) signal and measures the interference
signals created by the FBGs (reference and coated). Each FBG
creates a periodical beat signal (i.e. a reflection peak on the OFDR
trace) with a unique beat frequency. One of each FBG-pair is coated
with an IR-absorbing layer which converts the radiation into heat.
Therefore, when subject to IR radiations, the temperature of the
Fig. 5. Principles of the interrogating system based on OFDR and cascaded
matched FBG-pairs as sensing elements.
Fig. 6. Experimental set-up.
Fig. 4. Packaging made of a metal tube and the coated FBG inside the capillary
tubing.
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shifted by Dl. As the information on the physical parameter is
found in the wavelength shift, the goal of the interrogating system
is to retrieve the Bragg wavelength of the coated grating. For this
purpose, reflection spectrum of each coated FBG is demodulated by
band-pass filtering the OFDR trace around the related beat fre-
quency with sufficient bandwidth. Then, an inverse fast Fourier
transform (IFFT) applied on this selected portion can be used to
recover the complex reflection spectrum of each grating in the
cascade independently from others as explained in [8,11]. Finally,
from the estimation of their Bragg wavelength and from their
calibration characteristics, the IR radiation flux is deduced for each
coated FBG in the sensor. Reference FBG is used to compensate the
effect of temperature changes. A proprietary OFDR set-up was used
in the experiments [8].Fig. 7. Demodulated reflection spectrum of the coated FBG for different IR
radiations.3. Experimental results
Proof of concept experiments was realized on a single matched
FBG pair. The coated and reference FBGs are separated by 45 cm.
The gratings used in the sensor were manufactured with
hydrogenated standard germanium-doped silica single mode fiber
in the Mons University clean room facilities by means of a
continuous-wave frequency-doubled argon-ion laser emitting at
244 nm through a 24-mm-long apodized phase mask yielding FBGs
centered around 1534.5 nm. CuO (copper oxide) was deposited (a
layer of few tens of microns) on one FBG of the pair by polymeric
encapsulation method that includes the following steps [6]: dispersion of CuO powder in a UV sensitive polymer,
 mixing the CuO powder and the polymer for several minutes,
 exposure of the suspension to ultrasounds during 30 min,
 putting the fiber section around the FBG into this suspension,
 drying the FBG at 110 1C,
Fig. 8. Demodulated reflection spectrum of the reference FBG for different IR
radiations.UV-curing for a few seconds.
To further improve the sensitivity, the coated FBG is centered
into glass capillary tube and both FBGs are packaged inside an
aluminum tube as explained before.The OFDR is operated over 3 nm sweep span around 1534.5 nm.
Sweep time is 300 ms. The output power of OFDR is 3.9 mW. The
applied IR radiation flux is modified by changing the distance
between the coated FBG and the IR source. The results are checked
by using a radiant flux sensor (Captec, sensitivity: 0:438 mV=m2,
active area: 1010 mm2) which is placed near to the coated FBG
as represented in Fig. 6. The voltage signal at the output of this
electronic flux sensor is measured by an high accuracy multimeter
(see Fig. 6).
Figs. 7 and 8 represent the demodulated reflection spectrum of
the coated FBG and of the reference FBG for different IR radia-
tions. The shape modification of the reference FBG spectrum
when there is no flux is attributed to the fact that a small portion
of the spectrum is masked by the coated FBG (see Fig. 6).
One can clearly observe in Fig. 9 the linear correlation between
the shift in the demodulated Bragg wavelength of the coated FBG
and the incident flux intensity measured by the electronic radiant
flux sensor. The slope computed on the linear fit is 0.07 pm/(W/
m2) which has a good agreement with the previous results
reported in [7,6].
Fig. 9. Evolution of demodulated Bragg wavelength as a function of incident flux
intensity.
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applied on the coated FBG, the measurements were repeated ten
times. These repeatability measurements highlighted a standard
deviation on the demodulated Bragg wavelength of 15 pm (which
corresponds to a flux value of about 215 W/m2).4. Conclusions
We experimentally demonstrated a fast (interrogation time is
a few seconds) and simple technique for infrared detection. The
main advantage of the proposed method is that several low
reflective FBG pairs can be cascaded in a quasi-distributed scheme
and can be interrogated in a few seconds.
A wide panel of applications can be envisaged such as early fire
detection and monitoring of hot spots. In the context of fire
detection, smoke and dust detectors may not be suitable for
certain applications, for instance, in road traffic tunnels where
combustion gas influences the detector [10]. IR emission sensor isadvantageous over conventional systems thanks to its fast
response and reliability in harsh environment.Acknowledgments
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